Motivation: The bisulfite sequencing technology has been widely used to study the DNA methylation profile in many species. However, most of the current visualization tools for bisulfite sequencing data only provide high-level views (i.e. overall methylation densities) while miss the methylation dynamics at nucleotide level. Meanwhile, they also focus on CpG sites while omit other information (such as genotypes on SNP sites) which could be helpful for interpreting the methylation pattern of the data. A bioinformatics tool that visualizes the methylation statuses at nucleotide level and preserves the most essential information of the sequencing data is thus valuable and needed. Results: We have developed BSviewer, a lightweight nucleotide-level visualization tool for bisulfite sequencing data. Using an imprinting gene as an example, we show that BSviewer could be specifically helpful for interpreting the data with allele-specific DNA methylation pattern. Availability and implementation: BSviewer is implemented in Perl and runs on most GNU/Linux platforms. Source code and testing dataset are freely available at http://sunlab.cpy.cuhk.edu.hk/ BSviewer/.
Introduction
Recently, the development of bisulfite sequencing technology (Lister et al., 2009) has largely facilitated the studies on genomewide DNA methylation profiling. Although plenty of bioinformatics software has been developed to analyze and interpret the bisulfite sequencing data, the visualization tools currently available do not support the bisulfite sequencing data analysis well. For example, universal data visualization platforms like UCSC Genome Browser (Kent et al., 2002) , IGV (Integrative Genomics Viewer) (Thorvaldsdottir et al., 2013) and EpiViz (Chelaru et al., 2014) provide interactive interfaces and analysis utilities while they are mostly suitable for viewing the data at high level (i.e. overall methylation densities for CpG sites or genomic regions) while missed methylation dynamics at the nucleotide level; other tools like MethylViewer (Pardo et al., 2011) , CpGviewer (Carr et al., 2007) and MethPat (Wong et al., 2016) , on the other hand, allow the users to view the methylation pattern at single nucleotide resolution as well as the methylation pattern within one single read, but they only focus on CpG sites while omit other useful information in the sequencing data. In fact, besides the methylation statuses of the CpG sites, the sequencing reads contain much additional information (e.g. genotypes) which is helpful for interpreting the data. For instance, the imprinting genes are known to have a parent-of-originspecific DNA methylation pattern, therefore the genotype information is critical to infer the parent-of-origin of the DNA molecules for interpreting the imprinting pattern. However, using the current visualization tools, one could only observe an intermediate DNA methylation signal (i.e. overall DNA methylation level) while miss the allele-specific DNA methylation pattern. A novel visualization tool that could preserve the most essential information in the sequencing data (e.g. genotype) along with the methylation statuses of CpG sites thus could be valuable for bisulfite sequencing data interpretation.
In this work, we have developed a bioinformatics tool, named BSviewer, specifically designed for visualizing bisulfite sequencing data. BSviewer allows users to inspect the DNA methylation dynamics at nucleotide level and preserves the most essential information of the sequencing data therefore greatly facilitates data interpretation.
Implementation and features
BSviewer takes the pre-aligned bisulfite sequencing data as input to visualize a list of genomic regions provided by the users. For each genomic region, BSviewer first selects sequencing reads that fall into the region. Then for each read, BSviewer compares it to the reference genome to infer the methylation status (i.e. methylated or unmethylated) for each CpG site covered and highlight the nucleotides that are different from the reference genome [e.g. alternative alleles on the SNP (single nucleotide polymorphism) sites]. Lastly, BSviewer collects all the reads and generates the visualization results. BSviewer supports both paired-end and single-end sequencing data and outputs the results in three user-friendly formats: (i) plain text; (ii) HTML; (iii) PDF. The text format allows users to integrate the visualization results into bioinformatics pipelines for further processing easily. Moreover, BSviewer also provides 'dense' views of the data if users are only interested in methylation statuses of the CpG sites. In addition, the computational memory resource required by BSviewer is relatively small (roughly equals to the size of the genome, i.e. <4 GB for most species) thus considered to be lightweight compared to other visualization applications (e.g. IGV usually takes >10 GB memory).
Example and discussion
To illustrate the usage of BSviewer, a testing dataset was provided within the package. The dataset contains bisulfite sequencing reads from the human placental tissue obtained from our previous work (Lun et al., 2013) . In this sample, there is a heterozygous SNP site (ID: rs2301335) within the MEST gene (Mesoderm Specific Transcript, a known imprinting gene located on chr7). The sequencing reads around this SNP site were visualized in Figure 1 . Each line represents one bisulfite sequencing read. For each read, BSviewer displayed the methylation statuses of CpG sites covered by the read using the following color scheme: (i) gray boxes for unmethylated CpGs; (ii) black boxes for methylated CpGs. For non-CpG sites, BSviewer used hyphens to indicate matches to the reference genome; otherwise the sequenced nucleotides themselves were displayed with highlighted colors. Meanwhile, BSviewer used light grey dots to indicate the sequencing gaps in the paired-end reads (if any). For the sample shown in Figure 1 , one could easily identify the SNP site (marked in the box) and its genotype information ('A/G', where 'G' was the same as the reference genome therefore shown as hyphen). More importantly, the imprinting pattern could be clearly observed: 'A' allele was linked to methylated CpGs while 'G' allele was linked to unmethylated CpGs. However, this allele-specific DNA methylation pattern was not available if only the overall methylation densities for the CpG sites were visualized or the genotype information was absent in the visualization result, indicating the unique contribution of BSviewer to the DNA methylation data analysis and interpretation. Figure 1 also suggested that BSviewer could be specifically helpful when there is allele-specific DNA methylation pattern in the data. In addition to the imprinting genes, another field is cancer DNA methylation data analysis, where the tumor cells suffer from gross somatic mutations and DNA methylation alterations (Chakravarthi et al., 2016) . For a mutation site, it is possible that the sequencing reads covering the mutated allele show a different DNA methylation pattern compared to the reads covering the normal allele. In this scenario, BSviewer could help users to identify the DNA methylation signal of the genuine tumor DNA from the sequencing data obtained from a tumor biopsy, or plasma DNA samples (as 'liquid biopsy'). Furthermore, if the data is generated from plasma DNA sample, the fragmentation pattern of the reads could also be valuable in inferring the tissue-of-origin of the DNA molecules (Chan et al., 2016) . In conclusion, we believe that by presenting the DNA methylation pattern along with other essential information in the sequence data (e.g. genotype), BSviewer could help users to visualize, interpret and mine more details from their bisulfite sequencing data. 
